forms the AcCoA-binding site into which the pantetheine appears to provide a highly reliable indication of day and group of coenzyme A is inserted. By analogy, AcCoA night; in all vertebrates, circulating melatonin is ‫-01ف‬fold was predicted to bind to AANAT in a similar manner, higher at night. Melatonin is thought to function both as but it was apparent that for binding to occur, there would a downstream signal and also as a feedback signal for have to be movement of some of the residues in one of the biological clock. For example, one of the most conthe loops (Hickman et al., 1999) . Despite the similarity sistently high levels of melatonin receptors in mammals in their AcCoA-binding regions, the three structures diis found in the suprachiasmatic nucleus-the "mind's verge significantly in other regions presumed to be inclock" (Klein et al., 1991) . It is thought that actions of volved in binding the substrate to be acetylated. melatonin on this neuronal structure may be the basis We now present a high-resolution structure of AANAT in which a bisubstrate analog is bound at the enzyme active site. The analog, synthesized by covalently linking § To whom correspondence should be addressed (e-mail: dyda@ ulti.niddk.nih.gov).
ber of issues relating to catalysis, including the nature R free is computed using 5% of the total reflections selected randomly of substrate binding and the mechanism of enzyme acand never used in refinement.
tion. It also serves as a starting point for the rational development of tightly binding inhibitors that may be of pharmacological significance for the treatment of clinifollowed by several cycles of macroseeding (see Experical problems in which melatonin has been implicated mental Procedures). Mass spectrometry measurements (such as sleep regulation and jet lag) and for the treaton dissolved crystals confirmed the presence of intact ment of diseases in which serotonin plays a role, such
CoA-S-acetyltryptamine. The structure of the complex as depression or obesity (for recent reviews, see Bonwas solved using molecular replacement (see Experihomme and Esposito, 1998; Kordik and Reitz, 1999) . mental Procedures and Table 1 for details). The current Furthermore, the structure may be valuable in undermodel includes all residues except the first four N-termistanding the ways in which the important neurotransmitnal and the final six C-terminal residues. ter serotonin may be bound to other proteins of physiological interest.
The Structure of the CoA-S-Acetyltryptamine-
AANAT Complex Results and Discussion
The electron density map shows clear and interpretable electron density in the enzyme active site corresponding Coenzyme A-S-Acetyltryptamine Bisubstrate Analog to the bound bisubstrate analog. The analog is held in The bisubstrate analog used in this study was shown a conformation that is approximately "S"-shaped (Figure by to be a linear competitive 2), a binding mode enforced in part by the protrusion inhibitor against AcCoA, and a noncompetitive inhibitor of Phe-56 into the enzyme active site. As predicted from versus tryptamine with an IC 50 of ‫051ف‬ nM when assayed the structure of the uncomplexed enzyme, the panteusing full-length sheep AANAT. In the present study, it theine group is aligned approximately parallel to strand was determined that this compound is also a potent ␤5 of the central ␤ sheet, held in place by a number inhibitor of a truncated form of sheep AANAT consisting of hydrogen bonding contacts, involving either main of residues 28-201 (AANAT 28-201 ).
chain atoms or water-mediated hydrogen bonds; these and other interactions between CoA-S-acetyltryptamine and AANAT are detailed schematically in Figure 3 . The Complex Formation and Structure Determination We previously described the structure of uncomplexed positioning of the pantetheine moiety and the ␣-and ␤-phosphates of the ADP group is essentially identical AANAT 28-201 , which readily crystallized under conditions of low ionic strength (Hickman et al., 1999) . This conto that seen in the complexes between AcCoA and Hat1 (Dutnall et al., 1998) and CoA and AAT (Wolf et al., 1998). struct, which is fully active, was chosen for study, since the full-length protein was susceptible to proteolysis at The remainder of the ADP moiety, beyond the ␣-and ␤-phosphates, is more mobile, corresponding to the lack several sites at its N terminus, suggesting this region might be disordered; furthermore, the N-terminal seof specific interactions with the enzyme, a feature of coenzyme A binding also observed for the other strucquence (residues 1-27) is not well conserved among AANATs from various species (Klein et al., 1997) . In the turally characterized members of the GNAT superfamily. We are certain that the observed position of the CoA current study, formation of a 1:1 complex between the bisubstrate analog and AANAT 28-201 (subsequently called portion of CoA-S-acetyltryptamine represents the authentic binding site for the AcCoA substrate, since com-AANAT) was verified by analytical gel filtration, and crystals that diffract to high resolution were obtained by the parison of the analog-bound form of AANAT and the AcCoA-bound form of Hat1 indicates that essentially sparse matrix sampling method (Jancarik and Kim, 1991) Although the hydrophobic packing interactions cansulfur by two intervening carbon atoms, which represent the transferred acetyl group (-S-CH 2 (CO)-N-as shown not be considered to be specific, it seems reasonable to assume that the observed location of the bound tryptin Figure 3 ). The positions of the atoms in this important region of the bisubstrate analog are established by three amine moiety represents the authentic binding site for serotonin. The hydrophobic pocket is of the correct hydrogen bonding contacts: those from Tyr-168 to the pantetheine sulfur, from the main-chain amide of Leushape and size to accommodate an arylalkylamine substrate, it is solvent accessible, thereby providing a 124 to the carbonyl oxygen of the transferred acetyl group, and from the tryptamine amine nitrogen to the means for the substrate to enter and the N-acetylated product to leave, and it leads directly to the acetyl group main-chain carbonyl oxygen of Met-159.
The indole ring of the tryptamine group is held in to be transferred. The only other structural information on the binding of serotonin to a protein is provided by place through extensive hydrophobic contacts with six residues (Phe-56, Pro-64, Met-159, Val-183, Leu-186, the crystal structure of sepiapterin reductase bound to a competitive inhibitor, N-acetylserotonin (Auerbach et and Phe-188), which converge to form a pocket that will be referred to here as the serotonin-binding site. This al., 1997). In this case, N-acetylserotonin appears to fortuitously form some of the same binding contacts terminology recognizes the primary physiological substrate of the enzyme; however, it should be noted that with the protein as sepiapterin; its binding mode may analog ( Figure 4B ), helix ␣1 in loop 1 is far more extensive: helix ␣1, which in the uncomplexed enzyme was observed to consist of residues 42-50, is unwound by Comparison of the Structures of the Bisubstrate two residues at its N terminus but now extends to resiAnalog-AANAT Complex and due 61 at its C-terminal end (with a short break in the the Uncomplexed Form middle, discussed below). The extension of this helix The overall structures of the uncomplexed and CoA-Srenders this region more rigid and results in a conformaacetyltryptamine-bound forms of AANAT are generally tion that is more similar to those of AAT and Hat1 comsimilar and can be aligned with an overall rms deviation plexed to coenzyme A, both of which exhibit greater in 138 C␣ positions of 1.2 Å . The major structural differhelical content in this region than does the uncomplexed ence between the two forms of AANAT occurs in the form of AANAT. The similarity of the conformation in region previously designated as loop 1, which extends this region of the protein among the three structurally approximately from residues 40 to 80. In the original characterized members of the GNAT superfamily argues structure of the uncomplexed enzyme, we identified that the observed conformational change in loop 1 of three protein loops converging over the enzyme active AANAT is due to binding to the CoA portion of the bisubsite to form a funnel leading toward the interior of the strate analog, since neither of the other two structures protein (Hickman et al., 1999 ). In the protein-CoA-Scontains the substrate to be acetylated. acetyltryptamine complex, loop 1 has undergone a draThere are two major structural consequences of the conformational change in loop 1. The first is a global matic conformational change; a comparison of the two Figure 1) . Indeed, Cole and coworkers showed that AANAT preferentially binds the protonated the indole ring in a hydrophobic pocket formed by a number of converging residues. We had previously susform of the substrate (Khalil et al., 1998), and several lines of evidence have implicated histidine residues in pected that several of these residues might be involved in substrate binding, based on their positions in the the deprotonation. Kinetic analyses using poor substrates such as N -methyltryptamine suggested the uncomplexed protein (Hickman et al., 1999) . The structure of the bisubstrate analog complex indicates that involvement of an ionizable group with a pKa of ‫7ف‬ mutations reduced activity Ͼ90% under standard assay tryptamine complex instead reveals a remarkable network of clearly defined water molecules running between the tryptamine moiety and the histidine residues, (Khalil et al., 1998); in addition, the structure of the unas shown in Figure 5A . A "proton wire" consisting of at complexed protein indicated that the hydrophobic funleast eight hydrogen-bonded water molecules extends nel led directly toward two conserved histidines, His-120 away from the alkylamine nitrogen, TN3, connecting it and His-122 (Hickman et al., 1999) . If the protein-CoA-Sto both histidines, the indole nitrogen, and out of the acetyltryptamine complex accurately reflects the posienzyme active site to the protein surface. This local tion of the amine nitrogen of the substrate (atom TN3) pocket of water molecules could serve as a sink for the prior to catalysis, this places it 7.5 Å from the NE2 nitroexchangeable alkylamine proton or a conduit to ferry gen of His-120 and 8.7 Å from ND1 of His-122, too far for the charge away from the substrates, thereby facilitating these residues to be directly involved in deprotonation.
nucleophilic attack on AcCoA; such proton wires have However, an indirect role for the histidine residues in been previously observed in other enzymes (Meyer, catalysis is suggested by the results of site-directed 1992) and are the subject of much current investigation mutagenesis studies with sheep AANAT (Table 2) The structure presented here allows us to compare two ␤5 of the uncomplexed enzyme (Hickman et al., 1999) . structural states for AANAT during catalysis. Our study This ␤ bulge places one residue out of register in relation reveals that, upon binding a bisubstrate analog, there to the repeating hydrogen bonding pattern of an antiparis a large conformational change associated with one allel ␤ sheet, and its effect is to point two consecutive of the three surface loops, which is required to allow main-chain carbonyl groups in the same direction. The access of AcCoA to its binding site. Furthermore, this main-chain carbonyls of Ile-121 and His-122 form hydroconformational change leads to the formation of the gen bonds to two of the water molecules of the proton binding site for the second substrate in the reaction. wire, including the one located nearest to the alkylamine We are not aware of another acetyltransferase for which nitrogen (labeled with an asterisk in Figure 5A ). This such a structural rearrangement upon AcCoA binding water molecule, which is also the most deeply located has been characterized; in fact, in cases of other acetylin the pocket, is coordinated by three hydrogen bonds transferases where the structures of uncomplexed and and is 3.4 Å away from the alkylamine nitrogen, in an complexed forms have been determined, such as chlorappropriate position to accept a proton. This intricate amphenicol acetyltransferase (Leslie et al., 1988) or the arrangement of water molecules ensures that, upon hexapeptide xenobiotic acetyltransferase (Beaman et amine deprotonation, the proton can be conducted al., 1998), there is no significant protein movement upon away from the active site. Contributing to the formation AcCoA binding. It is possible that enzyme activity might of the ␤ bulge is the previously observed string of paralbe controlled through regulation of the capacity of lel-stacked aromatic residues leading from His-72, Phe-AANAT to undergo such an AcCoA-induced conforma-73, His-122, to His-120 (Hickman et al., 1999) . tional change. The design of the bisubstrate analog is such that the Thus, it appears that the catalytic mechanism of structure resembles that in which the acetyl group has AANAT involves cycling through several distinct strucalready been transferred to the alkylamine nitrogen. In tural states, starting from an unbound form in which a the CoA-S-acetyltryptamine complex with AANAT, the mobile part of the protein partially blocks the AcCoAacetyl carbonyl oxygen is hydrogen bonded to the mainbinding site. Upon binding, AcCoA displaces this region chain amide nitrogen of Leu-124. This residue provides of loop 1, an event which is accompanied by a rea second hydrogen bond, via its main-chain carbonyl arrangement of the residues in the loop. The result of this oxygen, to the most proximal pantetheine nitrogen (PN3 conformational change is to bring several hydrophobic in Figure 3 Because significant conformational changes were expected bethe appropriate calculated extinction coefficient; purified fusion proteins were aliquoted into small volumes for subsequent use in entween residues 57 and 68, this segment was removed from the search. The diffraction data used were between 15 and 4 Å . The zyme assays and stored at Ϫ80ЊC. It had been previously demonstrated that the fusion protein has kinetic properties essentially correlation coefficient of the rotation solution was 12.2% on amplitudes; after rigid body optimization, the best translation solution identical to those of free AANAT (De Angelis et al., 1998) .
had a correlation coefficient of 34.1% and a crystallographic R factor of 48.6%. Further rigid body, molecular dynamics, energy minimizaDetermination of Enzyme Activity tion, and restrained B factor refinement were carried out with XPLOR Enzyme activity was determined radiochemically by incubating 10 3.1 (Brü nger, 1992a), gradually extending the resolution to 1.8 and mM tryptamine and 0.5 mM 3 H-AcCoA (S.A. ϭ 4 Ci/mol) for 15 25 Å on the high and low ends, respectively, and completing the min at 30ЊC and extracting the product, [ Table 2 . Appropriate enzyme concentrations were chosen to ensure molecule crystal structures. At the end of the refinement, 223 water that less than 10% of the substrate was used up even at the highest molecules were added. substrate concentration. K M and V max values were calculated using nonlinear regression analysis (Kaleidagraph).
